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The management of electronic waste (e-waste), which can be a source of both useful materials and toxic
substances, dependingon theprocessingmethod, is important for promotingmaterial cycling. In this study,
we used the dioxin-responsive chemical-activated luciferase gene expression (DR-CALUX) assay combined
with gas chromatographyehigh-resolution mass spectrometry to evaluate the levels of dioxin-like com-
pounds in surface soils and river sediments collected in and around an e-waste-processing village in
northern Vietnam. The WHO-TEQs (Toxic equivalents) of polychlorinated dibenzo-p-dioxins and di-
benzofurans (PCDD/Fs), coplanar polychlorinated biphenyls (Co-PCBs), and polybrominated dibenzo-p-
dioxins and dibenzofurans (PBDD/Fs) in soils collected in January 2012 ranged from 0.29 to 310 pg/g
(median 2.9 pg/g, n ¼ 32), and the WHO-TEQs in sediments ranged from 0.96 to 58 pg/g (median 4.4 pg/g,
n ¼ 8). Dioxin-like activities (CALUX-TEQs [2,3,7,8-TCDD equivalent]) in soils collected in January 2012,
2013, and 2014 ranged from <30 to 4300 pg/g (median <30 pg/g, n ¼ 96), and the activities in sediments
ranged from <30 to 4000 pg/g (median 33 pg/g, n ¼ 24). Dioxin-like compounds accumulated in samples
collected around e-waste-processing areas such as open-burning sites and e-waste-processingworkshops,
and the compounds may be transported from their sources to surrounding areas over the course of several
years. Some of the CALUX-TEQs, but not WHO-TEQs, values were higher than the maximum acceptable
WHO-TEQs promulgated by various authorities, indicating that all dioxin-like compounds should be
evaluated in samples collected from e-waste-processing areas. Our ﬁndings suggest that open burning and
open storage of e-waste should be prohibited and that wastewater treatment should be implemented at
each workshop to reduce contamination by dioxin-like compounds from e-waste.
Copyright © 2016, The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).: þ81 29 850 2269.
nications Co., Ltd.
vier on behalf of KeAi
and hosting by Elsevier B.V. on be
by-nc-nd/4.0/).1. Introduction
Waste from obsolete electronic devices and appliances such as
personal computers, television sets, mobile phones, printers, and
refrigerators is generated at a global rate of approximately 41.8
million tons per year, according to a press release by Unitedhalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-
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called e-waste, are recycled in both developed and developing
countries because it contains considerable quantities of valuable
and reusable metals, plastics, glass, and other materials. However,
the use of certain e-waste-processing methods, such as open
burning, especially in the developing world, has become an
important issue in the last decade because of the adverse human
health impacts of these methods [2e5]. Although several devel-
oping countries, including China, have enacted legislation focusing
on the environmental effects of e-waste disposal and processing,
the legislation enacted to date does not effectively regulate e-
waste processing [6]. Furthermore, a recent study estimated that
by 2018, developing countries will be disposing of more old
computers than developed countries [7]. Up to now, the main
approach to mitigating the impacts of undesirable e-waste pro-
cessing has focused on reducing the amount of e-waste that
developed countries export to developing ones, but in response to
anticipated changes in the ﬂow and generation of e-waste, new
approaches will have to be explored.
Numerous studies have targeted contamination hot spots
resulting from intensive e-waste-processing activities such as
open burning and smelting and acid leaching to retrieve metals
(reviewed by Man et al. [4] and Chan and Wong [5]). Many re-
searchers have concluded that intensive e-waste processing is
harmful to the environment and to human health. Therefore, our
motivation in this study was to provide data for environmental
samples collected not only from areas where open burning, an
intensive processing activity, is conducted but also from areas
where nonintensive processing activities such as collection,
storage, and manual dismantling of e-waste are conducted. Since
January 2012, our research group has been investigating e-waste-
processing activities in Bui Dau, a village in My Hao district, Hung
Yen Province, northern Vietnam, to elucidate the current levels of
contaminants associated with various types of e-waste process-
ing and to monitor the 3-year temporal trends not only of
chemicals that may be initially present in e-waste, such as
brominated and chlorinated ﬂame retardants, phosphorus-
containing ﬂame retardants, and heavy metals but also of haz-
ardous chemicals that may be generated during e-waste pro-
cessing, such as chlorinated and brominated dioxins and dioxin-
like compounds.
Speciﬁcally, we evaluated persistent dioxin-like compounds in
surface soils and river sediments collected from the village. The
levels of ﬂame retardants such as polybrominated diphenylethers
(PBDEs) and possible alternatives have already been reported by
Matsukami et al. [8] and Someya et al. [9], and data for heavymetals
will be reported elsewhere in the near future. In this study, we used
gas chromatography-high resolution mass spectrometry (GC-
HRMS) for measurement of polychlorinated dibenzo-p-dioxins and
dibenzofurans (PCDD/Fs), coplanar polychlorinated biphenyls (Co-
PCBs), and polybrominated dibenzo-p-dioxins and dibenzofurans
(PBDD/Fs), and the dioxin-responsive chemical-activated luciferase
gene expression (DR-CALUX) assay for all the dioxin-like com-
pounds. First, we evaluated the levels of PCDD/Fs, Co-PCBs, PBDD/
Fs, and emerging dioxin-like compounds in samples collected in
January 2012, in order to elucidate the source of these contami-
nants and possible relationships among them. By using DR-CALUX
assay, we also evaluated the levels of all the dioxin-like compounds
in samples collected in January 2012, 2013, and 2014 to investigate
the time-course of the levels of contaminants related to e-waste-
processing activities. Finally, we tried to interpret the obtained
results for identiﬁcation of critical processes of contaminant for-
mation and possible countermeasures for environmentally sound
management of dioxin-like compounds derived from e-waste
processing and to investigate the validity of using the DR-CALUXassay in combination with GC-HRMS to assess the risks associ-
ated with e-waste processing activities.
2. Materials and methods
2.1. Sampling location and sample collection
The study location was an e-waste-processing site in the village
of Bui Dau, My Hao district, Hung Yen Province, northern Vietnam.
Detailed information about this area has been reported elsewhere
[8,10]. The sampling area, which includes living areas and rice
ﬁelds, covered a surface area of about 4.2 km2. The total population
of the village reached approximately 3000 persons by 2015, ac-
cording to a survey conducted for this study. The population and
area of the village are much smaller than those of Guiyu (popula-
tion, 150,000; land area, 52.4 km2) and Taizhou (population,
400,000; land area, 274 km2), which are well-known e-waste-
processing sites in China [4]. E-waste processing in Bui Dau started
in the 2000s [10], whereas Guiyu and Taizhou started processing e-
waste in the late 1980s and 1970s, respectively. Hence, Bui Dau is a
small-scale processing location and has a short history of e-waste
processing; therefore, we expected that the degree of chemical
contamination derived from processing activities would be low. A
map of the speciﬁc sites in Bui Dau from which surface soils and
river sediments were collected is shown in Fig. 1 (reproduced from
Ref. [8]).
During each of the three sampling surveys in January 2012, 2013
and 2014, surface soils (depth 0e5 cm)were collected from 32 ﬁxed
locations including footpaths in rice paddies around the village
(n ¼ 19: SS-1 to SS-19), wires and cables open-burning area (n ¼ 3:
SS-20 to SS-22), and areas adjacent to e-waste-processing work-
shops (n ¼ 10: SS-23 to SS-32), as shown in Fig. S1. River sediments
were collected from eight locations including upstream of the e-
waste-processing area (RS-1), the e-waste-processing area (n ¼ 3:
RS-2 to RS-4), and downstream of the e-waste-processing area
(n ¼ 4: RS-5 to RS-8). The above indicated surface soil and river
sediment samples were collected in three sampling campaigns,
respectively January 2012, 2013, and 2014; therefore, a total of 96
soil samples and 24 sediment samples were collected. Each sample
was composed of ﬁve subsamples, which were collected with a
stainless steel shovel from an area of approximately 10m2 andwere
placed in re-sealable polyethylene zipper storage bags. All samples
were kept in a freezer in the Research Centre for Environmental
Technology and Sustainable Development (CETASD), Hanoi Uni-
versity of Science, until they were transported from Vietnam to
Japan with permission from the Ministry of Agriculture, Forestry,
and Fisheries. All the imported samples were stored at 20 C until
analysis.
2.2. Sample pretreatment and extraction
After removal of pebbles, weeds, and twigs, the samples were
air-dried andmanually homogenized with awooden hammer. Each
air-dried sample was transferred to a stainless steel sieve
(<2.0 mm), which was then covered with a steel lid and shaken
manually. The sieved material was collected and stored in amber
glass bottles at 20 C until extraction.
Approximately 15 g of each sieved sample was extracted by
means of a rapid thermal solvent extractor (SE100, Mitsubishi
Chemical Analytech Co., Kanagawa, Japan) ﬁrst at 35 C for 40 min
with 1:1 (v/v) acetone:n-hexane at a ﬂow rate of 2mL/min and then
at 80 C for 40 min with toluene at 2 mL/min. The combined ex-
tracts were subjected to solvent evaporation to a volume of 10 mL,
and the resulting crude extracts were stored at 4 C until WHO-TEQ
and CALUX-TEQ determinations.
Fig. 1. Sampling locations of surface soils and river sediments in Bui Dau, Hung Yen province, Vietnam, January 2012, 2013, and 2014 (reproduced from Ref. [8]). SS-1 to SS-32:
surface soil samples. RS-1 to RS-8: river sediment samples.
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Surface soils (n ¼ 32) and river sediments (n ¼ 8) collected in
January 2012 were used to measure PCDD/F, Co-PCB, and PBDD/F
concentrations for subsequent WHO-TEQ determinations. An
aliquot of each crude extract (equal to 3 g of sample) spiked with
13C-labeled standards was exchanged from toluene to n-hexane,
puriﬁed with sulfuric-acid treatment, a sulfoxide column, a multi-
layer column, and then fractionated with an activated-carbon-
dispersed silica gel column. Several extracts were treated with
activated copper for removal of elemental sulfur. Each eluate was
evaporated under a gentle stream of nitrogen gas, and the residue
was redissolved in nonane containing 13C-labeled standards as a
syringe spike for the subsequent GC-HRMS analysis. The conditions
for measuring PBDD/F concentrations have been described previ-
ously [11], and the conditions for measurement of PCDD/F and Co-
PCB concentrations using GC-HRMS are described in the supporting
information for this paper. The WHO-TEQs for PCDD/Fs and Co-
PCBs were calculated by multiplying their measured concentra-
tions by the corresponding WHO-TEFs [12]. In this study, the
analogue approach to TEQ estimation was used, as described pre-
viously [12], and the WHO-TEQs for the identiﬁed and quantiﬁed
PBDD/Fs congeners were also calculated from the WHO-TEFs of
their chlorinated counterparts.
2.4. CALUX-TEQ determination
For measurement of total activities of dioxin-like compounds, a
portion of the crude extract (equal to 0.1 g of sample) of each
sample was evaporated and the solvent was exchanged for n-hex-
ane. After removal of elemental sulfur with activated copper, the n-
hexane fraction was applied to a cleanup column composed of 55%
(w/w) sulfuric acid silica gel. After elution with 20 mL of n-hexane,
the eluatewas evaporated, and the residuewas dissolved in 50 mL of
dimethyl sulfoxide. Dioxin-like activities were measured by means
of the DR-CALUX assay using the rat hepatoma H4IIE cell line withan aryl hydrocarbon receptor (AhR)-regulated luciferase gene
construct [13]. The conditions for cell culture and the procedure for
using DR-CALUX assay to calculate 2,3,7,8-TCDD equivalent values
(CALUX-TEQs) have been described in detail elsewhere [14,15].2.5. Quality assurance/quality control
In this study, all analytical procedures used for determination of
the WHO-TEQs and CALUX-TEQs were conducted under UV-cutoff
conditions.2.5.1. WHO-TEQ determination
For 13C-labeled PCDD/F congeners (13C-2,3,7,8-tetraCDD [TCDD],
13C-1,2,3,7,8-pentaCDD [PeCDD], 13C-1,2,3,4,6,7,8-heptaCDD
[HpCDD], 13C-1,2,3,4,7,8-hexaCDD [HxCDD], 13C-1,2,3,6,7,8-HxCDD,
13C-1,2,3,7,8,9-HxCDD, 13C-octaCDD [OCDD], 13C-2,3,7,8-TCDF, 13C-
1,2,3,7,8-PeCDF, 13C-2,3,4,7,8-PeCDF, 13C-1,2,3,4,7,8-HxCDF, 13C-
1,2,3,6,7,8-HxCDF, 13C-1,2,3,7,8,9-HxCDF, 13C-2,3,4,6,7,8-HxCDF, 13C-
1,2,3,4,6,7,8-HpCDF, 13C-1,2,3,4,7,8,9-HpCDF, and 13C-OCDF) and Co-
PCBs congeners (13C-PCB IUPAC #77, #81, #126, #169, #105, #114,
#118, #123, #156, #157, #167, and #180), the average recoveries for
surface soils (n ¼ 32) and river sediments (n ¼ 8) ranged from 74%
to 96% and from 76% to 100%, respectively. For 13C-labeled PBDD/F
congeners 13C-2,8-DiBDF, 13C-2,4,8-TriBDF, 13C-2,3,7-TriBDD, 13C-
2,3,7,8-TBDF, 13C-2,3,7,8-TBDD, 13C-2,3,4,7,8-PeBDF, 13C-1,2,3,7,8-
PeBDD, 13C-1,2,3,4,7,8-HxBDF, 13C-1,2,3,4,7,8-HxBDD, 13C-
1,2,3,4,6,7,8-HpBDF, 13C-OBDF, and 13C-OBDD, the average re-
coveries were 64%e92% and 60%e89% for surface soils (n ¼ 32) and
river sediments (n¼ 8), respectively; the average recoveries for 13C-
2-MBDF were outside these ranges: 32.3% and 37.5% for surface
soils and river sediments, respectively. Analyses of procedural
blanks (n ¼ 4) revealed no detectable concentrations of any of the
test substances except for PCB #118. For PCB #118, the mean pro-
cedural blank value was calculated and subtracted from values
obtained for the samples.
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Half-maximal expected concentration (EC50) values were
calculated from a doseeresponse calibration curve for 2,3,7,8-
TCDD standards (blank sample, 0.3, 1.0, 3, 10, 30, 100, and
300 pM/well in dimethyl sulfoxide; Fig. 2a). The calculated EC50 of
the 2,3,7,8-TCDD standard for the DR-CALUX assay was
8.2 ± 2.3 pM in the microplate well (average ± SD, n ¼ 98). The
induction value (i.e., the luciferase activity of 300 pM 2,3,7,8-TCDD
in the DR-CALUX cells divided by the luciferase activity of
dimethyl sulfoxide) was 9.6 ± 2.8 (average ± SD, n ¼ 98). The
obtained EC50 and induction values met the quality levels speciﬁed
in the standard operating procedure provided by the supplier of
the DR-CALUX cells (BioDetection Systems B.V.), indicating inter-
assay consistency for 2,3,7,8-TCDD activity against the DR-CALUX
cells. Luciferase activities that exhibited a response between 1
and 4 pM 2,3,7,8-TCDD were interpolated from the ﬁtted 2,3,7,8-
TCDD calibration curve to calculate CALUX-TEQ per gram of sam-
ple. The relative standard deviations of the CALUX-TEQs obtained
by repeated experiments (n ¼ 3) were less than 30% for surface
soils and river sediments. As a quality assurance/quality control
measure, the same extract of surface soil was repeatedly applied to
a sulfuric acid column cleanup for the subsequent measurement of
the CALUX-TEQs in this study. The obtained CALUX-TEQ was
98 ± 20 (average ± SD, n ¼ 11), indicating that the conducted
experiment was highly reproducible. No signiﬁcant DR-CALUX
response was detected in any of the procedural blank samples
(n ¼ 10).2.6. Statistical analysis
In this study, we investigated the correlation between PBDF
concentrations and PBDE concentrations (reported by Matsukami
et al. [8]) in soils and sediments by using SigmaPlot for Windows
(ver. 13.0, Systat Software, Chicago, IL, USA). Spearman rank order
correlation coefﬁcients were calculated because the PBDF and
PBDE concentrations were not normally distributed, as deter-
mined by the ShapiroeWilk test for normality. The correlation
between the WHO-TEQs and the CALUX-TEQs and the correlation
between the CALUX-TEQs and the concentration of each homo-
logue in the soils and sediments collected in January 2012 were
also investigated by means of the above-mentioned statistical
analysis method.Fig. 2. Dose-response curves for (a) 2,3,7,8-TCDD standard (n ¼ 98) and for (b) four sur
means ± SDs.3. Results
3.1. WHO-TEQs
We measured PCDD/F, Co-PCB, and PBDD/F concentrations in
surface soil and river sediments collected in January 2012 by using
GC-HRMS, and then determined the WHO-TEQs and homologue
proﬁles. The analytical results are summarized in Table 1 and pre-
sented in detail in Tables S1eS4. Target dioxin-like compounds
were detected in all samples. Total WHO-TEQ ranges for PCDD/Fs,
Co-PCBs, and PBDD/Fs in surface soil samples collected from foot-
paths in rice paddies (n ¼ 19), open-burning sites (n ¼ 3), and
around e-waste-processing workshops (n ¼ 10) were 0.29e20 pg/g
(median 1.5 pg/g), 4.5e230 pg/g (median 100 pg/g), and 1.7e310 pg/
g (median 28 pg/g), respectively. The median total WHO-TEQs in
soils collected from open-burning sites and from around e-waste-
processing workshops tended to be 1 to 2 orders of magnitude
higher than the median values for soils collected from footpaths in
rice paddies. Total WHO-TEQ ranges for PCDD/Fs, Co-PCBs, and
PBDD/Fs in river sediments collected from the upstream area
(n ¼ 1), the e-waste-processing area (n ¼ 3) and the downstream
area (n ¼ 4) were 1.0 pg/g, 13e58 pg/g (median 13 pg/g), and
1.1e7.1 pg/g (median 1.6 pg/g), respectively. Themedian totalWHO-
TEQs in river sediments collected around e-waste-processing
workshops were higher than the medians for samples collected
from other sites (Table 1). As shown in Table 1, PCDFs were themost
important contributors toWHO-TEQs in surface soils collected from
open-burning sites, whereas PBDFs strongly contributed to WHO-
TEQs in soils collected around e-waste-processing workshops. In
the river sediments, PCDFs tended to be the most important con-
tributors to total WHO-TEQs, followed by PBDFs.
3.2. CALUX-TEQs
CALUX-TEQs derived from all the dioxin-like compounds in sur-
face soils and river sediments collected in January 2012, 2013, and
2014, which were measured by means of the DR-CALUX assay, are
summarized in Table 2, and detailed data are listed in Tables S5 and
S6. Dose-dependent dioxin-like activity was detected in 25%, 78%,
and 83% of the surface soils collected from footpaths in rice paddies,
open-burning sites, and e-waste-processing workshops, respec-
tively, and in 0%, 89%, and 33% of the river sediments collected from
theupstreamarea, thee-waste-processingarea, andthedownstreamface soils and two river sediments (n ¼ 3 each) in the DR-CALUX assay. Values are
Table 1
WHO-TEQs (pg/g dry weight) of PCDD/Fs, Co-PCBs, and PBDD/Fs in surface soils and river sediments collected in Bui Dau, Hung Yen province, Vietnam, January 2012.a
Surface soils Footpaths in rice paddies (n ¼ 19) Open-burning sites (n ¼ 3) E-Waste-processing workshop (n ¼ 10)
Median Min Max Median Min Max Median Min Max
PCDDs 0.72 0.076 1.1 13 1.2 13 0.84 0.070 4.6
PCDFs 0.46 ND 13 64 2.6 120 3.7 0.21 13
Co-PCBs 0.32 0.00078 1.7 4.8 0.55 6.6 1.3 0.29 5.8
PBDDs ND ND ND ND ND 3.2 0.013 ND 15
PBDFs 0.025 ND 5.4 14 0.19 83 20 0.83 270
Sum of target compounds 1.5 0.29 20 100 4.5 230 28 1.7 310
River sediments Upstream area (n ¼ 1) E-Waste-processing area (n ¼ 3) Downstream area (n ¼ 4)
Median Min Max Median Min Max
PCDDs 0.92 1.0 0.79 9.2 1.2 0.38 1.6
PCDFs 0.011 6.3 2.2 42 0.043 0.025 4.6
Co-PCBs 0.0050 0.89 0.67 4.9 0.0055 0.0027 0.54
PBDDs ND 0.0050 ND 0.0063 ND ND ND
PBDFs 0.028 4.3 2.2 8.9 0.33 ND 1.0
Sum of target compounds 1.0 13 12 58 1.6 1.1 7.1
a ND, not detected.
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four surface soils and two river sediments collected in 2014 are
shown in Fig. 2 as examples; the samples from SS-20 and RS-02
showed marked dioxin-like activity. The doseeresponse curves for
SS-20 andRS-02,whichwere similar to that of 2,3,7,8-TCDD, indicate
that the major compounds responsible for the activity in these
samples were full AhR agonists like 2,3,7,8-TCDD.
CALUX-TEQs in soils from footpaths in rice paddies (n ¼ 57),
open-burning sites (n ¼ 9), and e-waste-processing workshops
(n ¼ 30) ranged from <30 to 180 pg/g (median <30 pg/g), from <30
to 4300 pg/g (median 1200 pg/g), and from <30 to 580 pg/g (me-
dian 62 pg/g), respectively. The ranges for river sediments from the
e-waste-processing area (n ¼ 9) and the downstream area (n ¼ 12)
were from <30 to 4000 pg/g (median 200 pg/g) and from <30 to
64 pg/g (median <30 pg/g), respectively. In contrast, none of the
sediments from the upstream area during 2012, 2013, or 2014
showed any dioxin-like activity. Themedian CALUX-TEQs of surface
soils and river sediments collected around e-waste-processing lo-
cations such as workshops and open-burning sites were also higher
than the medians for samples from other sites (Table 2). Especially,
the levels in surface soils collected around open-burning sites were
in the range of thousands of picogram CALUX-TEQs per gram.
4. Discussion
4.1. WHO-TEQ monitoring
To evaluate the PCDD/F, Co-PCB, and PBDD/F contamination
levels at the study location, we compared the obtained WHO-TEQsTable 2
CALUX-TEQs (pg/g dry weight) of all dioxin-like compounds in surface soils and river se
2014.
Surface soils Footpaths in rice paddies (n ¼ 19) Open-burning sit
Median Min Max Median
January 2012 <30 <30 180 390
January 2013 <30 <30 130 1900
January 2014 <30 <30 110 1200
River sediments Upstream area (n ¼ 1) E-Waste-processi
Median
January 2012 <30 200
January 2013 <30 1100
January 2014 <30 250for soils and sediments with guideline values by regulatory au-
thorities. There are various international TEQs mainly for PCDD/Fs
in residential soil, as summarized by Paustenbach et al. [16].
Paustenbach et al. have stated that the current toxicological,
epidemiological, and exposure assessment data indicate that
1000 pg-TEQ/g soil is a reasonable screening value for most resi-
dential sites [16]. We found that the WHO-TEQs obtained in this
study for PCDD/Fs, Co-PCBs, and PBDD/Fs were lower than this
screening value.
Several countries have issued guidelines for PCDD/Fs and/or Co-
PCBs in sediments: Canada, 21.5 pg-TEQ/g (action level for eco-
toxicological assessment) [17]; Japan, 150 pg-TEQ/g (remedial ac-
tion level based on risks to humans) [18]; the Netherlands,1000 pg-
TEQ/g (remedial action level based on risks to humans) [19]; and
the United States, 2.5e25 pg-TEQ/g (low- and high-risk levels for
mammalian wildlife) [19]. The WHO-TEQs obtained for the sedi-
ments collected in this study were below the reference values for
human health issued by Japan and the Netherlands.
WHO-TEQs for the samples from our study varied with the
sampling location. The values for soils and sediments collected
around open-burning sites and e-waste-processing workshops
tended to be higher than the values for control soils (Table 1).
There have been several studies reporting WHO-TEQs derived
from PCDD/F, Co-PCB, or/and PBDD/F concentrations in soils and
sediments collected from e-waste-processing sites (Table 3)
[20e27]. The results of these previous studies indicate that soils
collected from e-waste open-burning sites tend to contain the
highest concentrations of dioxin-like compounds, followed by
soils collected from e-waste-processing areas without open-diments collected in Bui Dau, Hung Yen province, Vietnam, January 2012, 2013, and
es (n ¼ 3) E-Waste-processing workshops (n ¼ 10)
Min Max Median Min Max
73 2300 81 <30 580
<30 4300 51 <30 400
<30 3900 55 <30 300
ng area (n ¼ 3) Downstream area (n ¼ 4)
Min Max Median Min Max
<30 200 <30 <30 44
200 4000 33 <30 64
65 1000 <30 <30 45
G. Suzuki et al. / Emerging Contaminants 2 (2016) 98e108 103burning. As shown in Table 3, the median TEQs for control soils
were at least 4 to 5 orders of magnitude lower than TEQs in
samples collected around e-waste-processing areas, including
open-burning sites and e-waste-processing workshops. Our re-
sults together with previous studies clearly indicate that e-waste-
processing activities generate dioxin-like compounds. The WHO-
TEQs that we obtained also indicate that PBDD/Fs were the pri-
mary dioxin-like compounds of concern associated with the e-
waste-processing activities at our study location. However, there
have been only a few studies of PBDD/F concentrations in envi-
ronmental samples collected from sites associated with e-waste
processing [22,26]. Based on recommendation by WHO and United
Nations Environmental Programme [12], WHO-TEQs should be
determined not only for PCDD/Fs and Co-PCBs but also for PBDD/
Fs for environmental samples collected from areas associated with
e-waste processing.
4.2. Sources of the major contributors to WHO-TEQs
In this study, we found that PCDFs were important contributors
to WHO-TEQs in surface soils collected from open-burning sites,
and PBDFs strongly contributed to WHO-TEQs in surface soils
collected around e-waste-processing workshops. That is, PCDFs and
PBDFs in soils and sediments were the primary contaminants
derived from e-waste-processing activities based on obtained
WHO-TEQs.
The PCDD/F homologue proﬁles clearly indicated that soils
collected around open-burning sites tended to contain TCDFs,
PeCDFs, and HxCDFs (Fig. 3), which indicates that combustion-Table 3
Comparison of TEQs (pg/g dry weight) of dioxin-like compounds in soils and sediments
Sample Location Note Year n
Soil Accra, Ghana Control site 2010 4
Soil Eastern China Control site NA 17
Soil Guiyu, China Control site 2004 5
Soil Guiyu, China Control site 2004 3
Soil Taizhou, China Control site 2006 10
Soil Taizhou, China Control site 2005 3
Soil Taizhou, China Control site 2007 3
Soil Taizhou, China Control site 2007 3
Soil Guiyu, China Control site 2004 36
Soil Taizhou, China Control site 2006 10
Soil Taizhou, China Control site 2005 3
Soil Accra, Ghana E-waste-processing site 2010 5
Soil Eastern China E-waste-processing site NA 4
Soil Southern China E-waste-processing site 2009 24
Soil Taizhou, China E-waste-processing site 2005 8
Soil Taizhou, China E-waste-processing site 2007 5
Soil Taizhou, China E-waste-processing site 2007 5
Soil Taizhou, China E-waste-processing site 2007 10
Soil Taizhou, China E-waste-processing site 2005 8
Soil Guiyu, China E-waste-processing site (Acid leaching) 2004 3
Soil Guiyu, China E-waste-processing site (Printer roller dump site) 2004 3
Soil Guiyu, China Near open-burning site 2004 2
Soil Guiyu, China Near open-burning site 2004 6
Soil Guiyu, China Near open-burning site 2004 8
Soil Accra, Ghana Open-burning 2010 5
Soil Guiyu, China Open-burning 2004 3
Soil Guiyu, China Open-burning 2004 5
Sediment Eastern China E-waste-processing site NA 6
Sediment Southern China E-waste-processing site 2009 1
a ND, not detected; NA, not available.
b TEQ values were calculated using WHO2005-TEFs.
c TEQ values were calculated using WHO-TEFs.
d TEQ values were calculated using I-TEFs.
e TEQ values were calculated using WHO1998-TEFs.
f TEQ values were calculated using CALUX-TEFs.related activities were the source of the contamination [28].
PCDD/Fs are known to be byproducts of combustion processes such
as open burning at low temperatures. In fact, in January 2013, we
observed open burning of PVC-coated wires and cables to retrieve
copper in this village (Fig. S2). PVC-coated wires from a workshop
were taken to a footpath in the rice paddy, and burned (Fig. S2(A)
and (B)), and then the copper with burnt residues were back to the
workshop for copper collection (Fig. S2(C) and (D)). Therefore, the
PCDD/F proﬁles in soils from e-waste-processing workshops and
sediments collected around the e-waste-processing area might fall
somewhere between the proﬁle for open-burning sites and that for
control sites such as footpaths in rice paddies, and the areas up-
stream from the e-waste-processing area (Fig. 3). The OCDD-
dominated proﬁles observed at the control sites are thought to be
derived mainly from atmospheric deposition [28].
We investigated the correlation between the concentrations of
PBDD/Fs and PBDEs [8] in soils and sediments collected in January
2012 (Fig. 4). We found that the PBDF and PBDE concentrations
were positively correlated not only in the surface soils (correlation
coefﬁcient ¼ 0.84, P < 0.001, n ¼ 31) but also in the river sediments
(correlation coefﬁcient¼ 0.82, P¼ 0.015, n¼ 7). Furthermore, when
the data for the soils collected around the e-waste-processing
workshops were analyzed separately, the correlation coefﬁcient
increased to 0.94 (P < 0.001, n ¼ 10) (Fig. S3), suggesting that the
PBDFs were derived from PBDEs contained in the e-waste. This is
consistent with the fact that PBDFs have been detected in several
commercial PBDE mixtures by Hanari et al. [29]. Among commer-
cial PBDE mixtures analyzed, DE-83 (a commercial ﬂame retardant
containing >97% BDE-209), which contains a high proportion ofcollected from various e-waste-processing areas.a
Target dioxin-like compounds pg TEQ/g Ref
Median Average Min Max
PCDD/Fs, Co-PCBs, PBDD/Fs 0.16 NA 0.002 2.4 Tue et al. 2016b
PCDD/Fs, Co-PCBs 0.35 NA 0.017 5.04 Liu and Liu 2009c
PCDD/Fs NA NA 0.565 28.4 Wong et al. 2007c
PCDD/Fs NA NA 0.39 1.5 Leung et al. 2007e
PCDD/Fs 5.3 NA 2.3 45 Shen et al. 2009b
PCDD/Fs 0.5 NA 0.5 0.5 Shen et al. 2008b
PCDD/Fs NA 0.34 NA NA Ma et al. 2008e
PBDD/Fs NA ND ND ND Ma et al. 2009b,f
Co-PCBs NA NA ND 9.21 Wong et al. 2007d
Co-PCBs 8.1 NA 0.42 11 Shen et al. 2009b
Co-PCBs 1.0 NA 0.3 1.1 Shen et al. 2008b
PCDD/Fs, Co-PCBs, PBDD/Fs 120 NA 24 290 Tue et al. 2016b
PCDD/Fs, Co-PCBs 7.6 NA 6.52 16.7 Liu and Liu 2009c
PCDD/Fs NA 43 7.7 191.3 Hu et al. 2013e
PCDD/Fs 9.5 NA 6.1 20.1 Shen et al. 2008b
PCDD/Fs NA 92 NA NA Ma et al. 2008e
PCDD/Fs NA 49.3 NA NA Ma et al. 2008e
PBDD/Fs NA 799 46.3 3680 Ma et al. 2009b,f
Co-PCBs 179.4 NA 118.5 377.5 Shen et al. 2008b
PCDD/Fs NA NA 203 1100 Leung et al. 2007e
PCDD/Fs NA NA 2.1 8.2 Leung et al. 2007e
PCDD/Fs NA NA 129 213 Wong et al. 2007c
PCDD/Fs NA NA 10 48 Leung et al. 2007e
Co-PCBs NA NA ND 64.4 Wong et al. 2007d
PCDD/Fs, Co-PCBs, PBDD/Fs 7100 NA 510 24,000 Tue et al. 2016b
PCDD/Fs NA NA 627 13,900 Wong et al. 2007c
Co-PCBs NA NA 6.99 878 Wong et al. 2007d
PCDD/Fs, Co-PCBs 5.2 NA 2.25 34.6 Liu and Liu 2009c
PCDD/Fs NA 128 NA NA Hu et al. 2013e
Fig. 3. PCDD/F homologue proﬁles in surface soils and river sediments collected in January 2012. Surface soils were collected from footpaths in rice paddies (n ¼ 19), open-burning
sites (n ¼ 3), and areas adjacent to e-waste-processing workshops (n ¼ 10). River sediments were collected from the upstream area (n ¼ 1), the e-waste-processing area (n ¼ 3), and
the downstream area (n ¼ 4). Values are means ± SDs.
Fig. 4. Relationship between PBDF and PBDE concentrations in surface soils (n ¼ 31) and river sediments (n ¼ 7) collected in January 2012: surface soils from footpaths in rice
paddies (B), from open-burning sites (C), and from areas adjacent to e-waste-processing workshops ( ) and river sediments from the upstream and downstream areas (B) and
the e-waste-processing area ( ). SS19 and RS08 were excluded from the statistical analysis because PBDFs were not detected at those sites. The Spearman rank order coefﬁcients
and P values are indicated in the ﬁgure. PBDE data are from Ref. [8].
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soils and sediments collected from e-waste-processing areas in this
study. In fact, BDE-209 made up about 86% of the total PBDEs
detected in surface soils (n ¼ 10) from areas adjacent to e-waste-
processing workshops in January 2012 [8]. However, more careful
comparison of the data indicated that there were big differences
both in the PBDF/PBDE ratio and in the PBDF proﬁle. The average
PBDF/PBDE ratios for DE-83 (n ¼ 2) [29] and soils collected aroundthe workshops in January 2012 (n ¼ 10) were 0.000040 and 0.016,
respectively; that is, the ratio for the soils was about 3 orders of
magnitude higher than that for DE-83. OBDF is a major homologue
in DE-83, accounting for about 96% of total PBDFs; and in this study,
the proportions of HpBDFs and OBDF, as well as PeBDFs and
HxBDFs, were high in soils from the e-waste-processing workshops
(Fig. 5). That differs to the PBDF proﬁles in DE-83. These results
suggest that the potential environmental emissions of lower-
G. Suzuki et al. / Emerging Contaminants 2 (2016) 98e108 105brominated compounds may be higher than those of higher-
brominated compounds. In fact, their vapor pressures indicate
that the potential emissions may be higher for lower-brominated
compounds than higher-brominated compounds (2,3,7,8-TBDF,
4.7  106 Pa; HxBDF, 6.4  108 Pa; HpBDF, 7.2  109 Pa; OBDF,
7.9  1010 Pa; calculated with EPI Suite ver. 4.11; http://www.epa.
gov/tsca-screening-tools/download-epi-suitetm-estimation-
program-interface-v411). Furthermore, debromination of higher-
brominated compounds and formation of PBDFs during BDE-209
photolysis by sunlight exposure in soils [30] and/or TBDFs,
PeBDFs and HxBDFs derived from other commercial PBDE mixtures
such as DE-71 and DE-79 [29] also may affect the PBDF proﬁles in
soils from the e-waste-processing workshops.
In addition, note that PBDF homologue proﬁles characterized by
high proportions of TriBDFs, TBDFs, and PeBDFs were observed in
soils from open-burning sites (Fig. 5). Although PBDE concentra-
tions in soils from open-burning sites tended to be lower than those
in soils from areas adjacent to e-waste-processing workshops, the
average PBDF/PBDE ratio was 0.46 for soils from open-burning
sites. These results suggest that the PBDFs were derived from py-
rolysis of BDE-209 and subsequent debromination/hydrogenation
reactions as well as HBr/Br2 elimination catalyzed by metal oxides,
such as antimony trioxide (Sb2O3), which are used with BDE-209,
and zinc borate (B6O11Zn2), which is used mainly in PVC [31e33].4.3. Quantitative comparison between WHO-TEQs and CALUX-TEQs
By using the DR-CALUX assay to detect AhR agonists, we aimed
to evaluate various dioxin-like compounds, including not only
PCDD/Fs, Co-PCBs and PBDD/Fs but also emerging compoundsFig. 5. PBDD/F homologue proﬁles in surface soils and river sediments collected in January
burning sites (n ¼ 3), and from areas adjacent to e-waste-processing workshops (n ¼ 10). R
area (n ¼ 3), and the downstream area (n ¼ 4). Values are means ± SDs.contained in soils and sediments collected from the study village
in northern Vietnam. On the basis of the data obtained from the
DR-CALUX assay and instrumental analysis, we also tried to
elucidate the levels of dioxin-like compounds that were not
measured by GC-HRMS in this study. Although Shen et al. [24,25]
used a 7-ethoxyresoruﬁn-O-deethylase-based assay (EROD assay)
with rat hepatoma H4IIE cells for detection of AhR agonists con-
tained in soils from crop lands closed to e-waste-processing sites,
there weremarked differences inmain target compounds between
their studies and our study. In this study, the sample extracts were
cleaned up with a sulfuric acid-treated silica gel column and then
subjected to the DR-CALUX assay, whereas Shen et al. used crude
extracts in the EROD assay. That is, our study focused on detection
of persistent compounds such as polyhalogenated compounds,
including PCDD/Fs, Co-PCBs, and PBDD/Fs, after compounds labile
to sulfuric acid, such as polyaromatic hydrocarbons, were
removed. We focused on persistent compounds because persis-
tence is one of the criteria for classiﬁcation of a compound as
dioxin-like [34].
To evaluate the validity of the DR-CALUX assay as a tool for
monitoring various types of dioxin-like compounds in samples
collected from areas associated with e-waste processing, we
investigated the correlation between the WHO-TEQs derived from
PCDD/F, Co-PCB, and PBDD/F concentrations, and the CALUX-TEQs
in the soils and sediments collected in January 2012 (Fig. 6). The
WHO-TEQs and CALUX-TEQs datasets were positively correlated
for the surface soils and river sediments (correlation
coefﬁcient ¼ 0.86, P < 0.001, n ¼ 16). On the basis of our GC-
HRMS results and previous results on the chemical impact of e-
waste-processing activities [23,26], we suggest that not only
PCDD/Fs and Co-PCBs but also PBDD/Fs must be major2012. Surface soils were collected from footpaths in rice paddies (n ¼ 19), from open-
iver sediments were collected from the upstream area (n ¼ 1), the e-waste-processing
G. Suzuki et al. / Emerging Contaminants 2 (2016) 98e108106contributors to CALUX-TEQs. Note, however, that there were dif-
ferences between the obtained WHO-TEQs and CALUX-TEQs, even
though the correlation between them was statistically signiﬁcant.
On the basis of our experiences with combining the DR-CALUX
assay with instrumental analysis [35e37], we expected that
there would be gaps among TEQs due to differences between
WHO-TEFs and relative effect potency (REP) values for DR-CALUX
cells [38]. As shown in Table S7, DR-CALUX REPs were higher than
WHO-TEFs [39] for PCDFs, whereas DR-CALUX REPs were lower
than WHO-TEFs for PBDFs. Therefore, to assess the CALUX-TEQs
obtained in our study location by using GC-HRMS data for
PCDD/Fs, Co-PCBs, and PBDD/Fs, we calculated theoretical CALUX-
TEQs using the concentrations of PCDD/Fs, Co-PCBs, and PBDD/Fs
(Tables S1eS4) and their DR-CALUX REPs (Table S7) for soils and
sediments. CALUX-TEQs and theoretical CALUX-TEQs are shown
in Fig. S4, indicating that CALUX-TEQs/theoretical CALUX-TEQ
ratios were 1.3e15 (median 3.8). That is, unidentiﬁed dioxin-like
compounds also contributed strongly to the total dioxin-like ac-
tivity of the soils and the sediments that were collected around e-
waste-processing activities.
As also mentioned in previous studies [35e37], our results
(Tables S1eS4) and those of previous studies of samples collected
from areas associated with e-waste-processing activities [20e27]
indicate that non-2,3,7,8-substituted PCDD/Fs (mainly PCDFs) and
PBDFs, which have never been evaluated for AhR activity because of
the lack of standards, might be important contributors. In fact, the
concentrations of TCDDs (correlation coefﬁcient, 0.79), PeCDDs
(0.73), HxCDDs (0.60), TCDFs (0.70), PeCDFs (0.70), HxCDFs (0.71),
HpCDFs (0.71), and PeBDFs (0.63) were signiﬁcantly correlatedwith
corresponding CALUX-TEQs (P < 0.01), indicating that lower-
halogenated PCDD/Fs and PBDFs might be primary homologues.
Mixed halogenated dibenzofurans (PXDFs) (X ¼ Cl and Br), which
have been reported to be AhR agonists [38], could also become
important contributors to samples collected from areas associated
with open burning of e-waste [26,40]. Furthermore, halogenated
polyaromatic hydrocarbons (with more than four rings) showing
AhR-mediated activity are thought to have dioxin-like character-
istics [41,42].Fig. 6. Relationship between WHO-TEQs and CALUX-TEQs of surface soils (n ¼ 13) and
river sediments (n ¼ 3) collected in January 2012: surface soils from footpaths in rice
paddies (B), from open-burning sites (C), and from areas adjacent to e-waste-pro-
cessing workshops ( ) and river sediments from the downstream area (▫) and the e-
waste-processing area ( ). Soils and sediments in which target compounds were not
detected in the DR-CALUX assay were excluded from the statistical analysis. The
Spearman rank order coefﬁcient and P value are indicated in the ﬁgure. WHO-TEQs and
CALUX-TEQs of soils and sediments are listed in Tables S1eS5.4.4. Time-course of levels of dioxin-like compound by CALUX-TEQ
In addition to determining CALUX-TEQs and WHO-TEQs in soils
and sediments collected in January 2012, we also evaluated sam-
ples collected in January 2013 and 2014 by means of the DR-CALUX
assay, to evaluate the levels of all the dioxin-like compounds
derived from e-waste-processing activities. As shown in Tables 2
and S5 (which include data for all three years), the CALUX-TEQs
in soil and sediments collected from areas associated with e-
waste-processing activities such as open-burning sites and e-
waste-processing workshops tended to be higher than those of
samples collected from control sites. These results also suggest that
e-waste processing is an important source of dioxin-like com-
pounds, in agreement with our ﬁndings based on the samples
collected in January 2012. With regard to the soils, the CALUX-TEQs
varied with sampling location. In particular, with regard to soils
collected during January 2012 and 2014, it is notable that the
CALUX-TEQs of SS-20 and SS-21 (open-burning sites) were often
higher than the CALUX-TEQs of samples from other locations, and
transport of the contaminants at these sites may have led to high
CALUX-TEQs at SS-02 to SS-05, which are nearby, on footpaths in
the rice paddies (Fig. 1). That is, the dioxin-like compounds derived
from open burning of e-waste may be transported from the source
to the surrounding areas over the course of several years.
The CALUX-TEQs in sediments collected in January 2013 and
2014 tended to be higher than those of sediments collected in
January 2012. For example, the CALUX-TEQs of RS-03 in 2013 were
more than 100 times those in 2012. As shown in Fig. S2(D), to
collect copper, the villagers used large quantities of water to ﬂush
combustibles from the open-burning area around the workshop
near the RS-03 and RS-04 sampling points in January 2013, leading
to heavy contamination of the river and sediment with various
types of dioxins. In addition, we observed several drain ports
leading from workshops located near the RS-02, RS-03, and RS-04
sampling points. Therefore, another possible reason that the
CALUX-TEQs of samples collected at RS-02, RS-03, and RS-04 were
much higher than those of samples collected upstream and
downstream is the accumulation of dioxin-like compounds con-
tained in the efﬂuent that was released from the workshops via the
drain ports. These DR-CALUX assay-monitoring results improved
our understanding of the temporal and spatial changes in the levels
of all dioxin-like compounds during the period from January 2012
to January 2014 at our study location.
The joint WHO/United Nations Environmental Programme
consultation that took place in 2011 [12] focused not only on PBDD/
Fs but also on PXDD/Fs (which we anticipated would be important
contributors to CALUX-TEQs as unidentiﬁed, emerging, dioxin-like
compounds) for inclusion in the TEF scheme, just as PCDD/Fs, Co-
PCBs, and PBDD/Fs are. Therefore, to assess contamination levels
of all dioxin-like compounds in surface soils, we evaluated the
CALUX-TEQs that we obtained for soils by comparing them to the
above-mentioned recommended value of 1000 pg-TEQ/g as the
maximum acceptable WHO-TEQ level for residential soil [16]. The
CALUX-TEQs in soils from areas adjacent to open-burning sites
(SS20eSS22) exceeded this value; these soils were collected from
footpaths in paddy ﬁelds around the residential area of this village
(Fig. 1). The CALUX-TEQs in all the sediments collected around the
e-waste-processing area also exceeded the reference values deter-
mined on the basis of the risks to humans by Japan [18] and the
Netherlands [19]. For sediments, the Japanese government set a
value of 150 pg-TEQ/g as the remedial action level based on con-
sumption of ﬁsh that live in the vicinity of contaminated sediments.
If residents eat ﬁsh from the river near the village, sediments
containing several dioxin-like compounds should be remediated.
However, our interviews with residents suggested that they do not
G. Suzuki et al. / Emerging Contaminants 2 (2016) 98e108 107regularly eat ﬁsh from the river. Therefore, although the CALUX-
TEQs in some of the soils and sediments in this study exceeded
the criterion for human health, this situation may not be a state of
emergency requiring immediate countermeasures such as reme-
diation. However, mitigation measures are necessary to prevent
further increase in contamination levels in the river.
4.5. Implication of our results for environmental management
practices
Waste processing strategies based on appropriate management
of useful resources and toxic substances generated during a prod-
uct's life cycle should be promoted. E-waste is an important target
waste because of its environmental and human health impacts. In
this study, we identiﬁed critical e-waste-processing processes and
evaluated possible countermeasures for environmentally sound
management of dioxin-like compounds derived from e-waste
processing. In the study village, metals and plastics are retrieved
from e-waste such as computers, TVs, video and DVD players,
mobile phones, and printers. Printed circuit boards from mobile
phones, computers, and TVs are among themost important parts of
e-waste. In the village, processing operations such as manual
dismantling of wires and circuit boards, separation of metal and
plastic, sorting of electrical parts, and removal of parts from printed
circuit boards tend to be conducted in workshops located within or
near living area. Open storage of large amounts of e-wastes
including cathode ray tubes, TV casings, and printed circuit boards
along the roadsides near workshops was regularly observed during
the study period (Fig. S1). In the paddy ﬁelds around the village,
PVC-coated cables were burned to retrieve copper, and then com-
bustibles were taken back to the workshop (Fig. S2). Among these
processing operations, open burning was the biggest source of
PCDD/Fs and other emerging dioxin-like compounds such as PXDD/
Fs; and open storage of e-waste-containing PBDEs can lead to PBDF
contamination. Furthermore, wastewater from e-waste-processing
workshops may also be a source of dioxin-like compounds derived
from e-waste, as indicated by our results for river sediments.
Therefore, our ﬁndings suggest that open burning and open storage
of e-waste should be prohibited and that wastewater from the
workshops should be treated to reduce pollution by e-waste-
derived chemicals such as dioxin-like compounds.
Our results, along with previously reported results [20e27,33],
indicate that PCDD/Fs tended to form at open-burning sites, that
PBDFs were present at relatively high concentrations around e-
waste-processing areas if the e-waste contained brominated ﬂame
retardants such as PBDEs, and that open burning of e-wastes such
as PVC-coated cables generated not only PCDFs and PBDFs but also
other emerging dioxin-like compounds. On the basis of these
ﬁndings, we concluded that cell-based AhR-binding reporter gene
assays are an ideal tool for screening and monitoring of all types of
dioxin-like compounds derived from e-waste-processing activities,
because these assays measure not only PCDD/Fs, Co-PCBs, and
PBDD/Fs but also PXDD/Fs. As mentioned above, PXDD/Fs are
thought to be comparable to PCDD/Fs in their persistence and
toxicity [12,43]. However, there are 4600 possible PXDD/Fs (3050
PXDFs and 1550 PXDDs) [44], and the use of GC-HRMS to analyze
PXDD/Fs, PCDD/Fs, Co-PCBs, and PBDD/Fs in all samples is unreal-
istic because of the time and expense required. Therefore, a better
strategy involves detection of dioxin-like compounds by means of
cell-based AhR-binding reporter gene assays, followed by analysis
of samples with high concentrations of all dioxin-like compounds
by means of GC-HRMS analysis of PCDD/Fs, Co-PCBs, PBDD/Fs, and/
or PXDD/Fs for source identiﬁcation and WHO-TEQ determination.
The obtained results can be used to choose and implement
appropriate countermeasures.5. Conclusion
The results obtained from this study elucidated the levels,
possible sources, and temporal trends in the levels of persistent
dioxin-like compounds, including PCDD/Fs, Co-PCBs, and PBDD/Fs,
in surface soils and river sediments collected in and around an e-
waste-processing site in a village in northern Vietnam. Dioxin-like
compounds were found to have accumulated in samples collected
in areas where e-waste-processing activities such as open burning
and open storage were conducted, as well as in areas near e-waste-
processing workshops. Moreover, our results indicate that dioxin-
like compounds derived from e-waste-processing activities such
as open burning may be transported from their source to sur-
rounding areas over the course of several years. The CALUX-TEQs,
but not the WHO-TEQs, obtained for some of the samples were
higher than the maximum acceptable WHO-TEQs promulgated by
various regulatory authorities, suggesting that the levels of all
dioxin-like compounds should be evaluated in samples collected
from areas associated with e-waste processing. These ﬁndings
indicate that open burning and open storage of e-waste should be
prohibited and that wastewater treatment measures should be
implemented at each e-waste-processing workshop to reduce
pollution by e-waste-derived, dioxin-like compounds. Further-
more, our results indicate that cell-based AhR-binding reporter
gene assays such as the DR-CALUX assay, in combination with GC-
HRMS, should be used to determine the levels of all the dioxin-like
compounds derived from e-waste-processing sites.
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